This study evaluated the pharmacokinetics (PK), efficacy, safety, and tolerability of bleselumab -a fully-human anti-CD40 monoclonal recombinant IgG4. Patients with moderate-to-severe psoriasis were randomized on day 1 to receive bleselumab or placebo on days 1, 15 and 29 in a dose-escalation of bleselumab at 0.1, 0.3, 1.0 or 3.0 mg/kg. The safety-analysis set (SAF) and full-analysis set (FAS) included all patients who received bleselumab or placebo, and the PK-analysis set (PKAS) included patients in the SAF with ≥1 quantifiable serum bleselumab concentration.
| INTRODUCTION
The underlying pathophysiology involves CD40 signalling, induced by its ligand, CD154 (Pasch et al., 2004) . CD40 is a cell surface tumor necrosis factor (TNF) receptor expressed by a variety of cells, including B lymphocytes, dendritic cells, keratinocytes, endothelial cells and epithelial cells, while CD154 is expressed on activated CD4 + T cells (Peters, Stunz, & Bishop, 2009 ). CD40 and CD154 interactions are involved in immune regulation and play a role in autoimmune disorders and transplant rejection (Jacobson et al., 2007; Larsen et al., 1996; Peters et al., 2009) . It is hypothesized that blocking the interaction between CD40 and CD154 may control psoriasis.
Bleselumab (ASKP1240) is a fully-human anti-CD40 monoclonal antibody (immunoglobulin G4) that inhibits immune responses by blocking CD40-CD154 interaction between T cells, B cells, and antigen-presenting cells (Okimura et al., 2014) . This variant of anti-CD40 is expressed in Chinese hamster ovary cells, and is recovered from culture medium, and subsequently purified (Ishida et al., 2002; Okimura et al., 2014) .
The results from in vitro and in vivo studies suggest a potential therapeutic role for bleselumab as an immunosuppressive agent for patients with an autoimmune disease, such as psoriasis (Okimura et al., 2014) . In vitro, bleselumab was found to be a concentrationdependent inhibitor of CD154-induced peripheral blood mononuclear cell proliferation (Okimura et al., 2014) . Furthermore, in a cynomolgus monkey model (Okimura et al., 2014) , 3 weeks of weekly bleselumab infusions attenuated delayed hypersensitivity and tetanus toxoidmediated specific antibody formation (Okimura et al., 2014) . These immunosuppressive effects correlated with CD40 receptor saturation, suggesting a potential therapeutic role for bleselumab as an immunosuppressive agent for patients with diseases such as psoriasis.
Bleselumab may also prevent rejection in solid organ transplantation (Oura et al., 2012; Song et al., 2014) .
In a Phase I study in healthy volunteers, bleselumab demonstrated good tolerability: adverse events (AEs) collected over 1 week following exposure to bleselumab were generally mild in intensity, and there were no discontinuations due to AEs (Goldwater et al., 2013 ). There were also no treatment-related adverse effects on the cardiovascular, respiratory, renal, or central nervous system in cynomolgus monkeys receiving weekly bleselumab doses up to 100 mg/kg for 4 weeks (Okimura et al., 2014) . Of note, in healthy volunteers, bleselumab demonstrated nonlinear pharmacokinetics (PK) in the dose range of 0.1-10 mg/kg, which was evidenced by disproportionate increases in systemic exposure with increasing dose (Goldwater et al., 2013) .
However, no PK, safety or tolerability data are currently available for patients with psoriasis. This study evaluated the PK, efficacy, safety, and tolerability of intravenous doses of bleselumab in patients with moderate-to-severe plaque psoriasis.
| MATERIAL AND METHODS

| Study design and patients
This was a multicenter, randomized, double-blind, placebo-controlled, Patients were included if they were aged 18-75 years, had moderate-to-severe plaque psoriasis for ≥6 months, had ≥5% body surface area (BSA) with plaque psoriasis, and were candidates for phototherapy and/or systemic therapy. In order to enhance enrolment, the inclusion criteria were amended to recruit patients with plaque psoriasis %BSA ≥ 5%, compared with ≥10% before the amendment. This change reduced the baseline severity and extent of psoriasis in the 1.0 and 3.0 mg/kg groups. Patients were excluded if they had been treated with either systemic biologic (including efalizumab), or nonbiologic immunosuppressants within the last 30 days or 5 half-lives (56 days, or 5 halflives for biologics), whichever was longer, prior to the first dose of the study drug. A description of exclusion criteria can be found at ClinicalTrials.gov (https://clinicaltrials.gov/ct2/show/NCT01585233).
After a 28-day screening period, the patients were randomized on day 1 (baseline) to bleselumab or placebo, using a 4:1 ratio (bleselumab: placebo) within each dose cohort. The bleselumab dose groups were 0.1, 0.3, 1.0 or 3.0 mg/kg (Figure 1) , with no change in study drug dosing permitted once treatment was initiated. The study drug was administered by intravenous infusion over 30 minutes on days 1, 15 and 29, and patients were followed up for an additional 12 weeks (up to day 113) (Figure 1 ). Patients could continue to receive permitted concomitant medications and therapies.
As this was a sequential dose-escalation-by-cohort study, the safety data collected were reviewed prior to the completion of each active-treatment cohort, in order to make dose escalation decisions for the subsequent study cohort. However, no statistical analyses or by-cohort unblinding of treatment assignments were planned or performed at the time of these data reviews.
| Pharmacokinetics
Blood samples for the PK assessment of serum bleselumab concentrations were collected on days 1, 15 and 29, pre-infusion (0 hours), and at 30 minutes, 2.5 hours and 4.5 hours after infusion.
Concentrations of serum bleselumab were measured using a sandwich immunoassay with electrochemiluminescence detection (Goldwater et al., 2013) . The lower limit of quantification (LLOQ) for the assay was 81.92 ng/ml, and the assay was linear over the range of 81.92-50,000 ng/ml. A standard curve was constructed by using four quality control samples. The precision and accuracy of the quality controls were ≤ 9.7% and within ±6.7%, respectively. The titer of anti-bleselumab antibodies in serum was assessed using an electrochemiluminescence bridging immunogenicity assay (Kernstock, 2010) , and the occurrence of neutralizing antibodies was recorded.
| Endpoints
The primary PK endpoints were the bleselumab area under the serum concentration-time curve over 336 hours (AUC 336 ) and the maximum concentration (C max ) after dosing on days 1, 15 and 29. Secondary PK endpoints were the trough concentration (C trough ) on days 15, 29 and day 43, and the elimination half-life (T ½ ) of bleselumab on day 29.
Secondary efficacy endpoints were the mean change from baseline to 8 weeks in psoriasis area and severity index (PASI) score (classic and linear), the Physician Static Global Assessment (PSGA) score, and the percentage BSA affected with psoriasis (%BSA). The proportion of patients achieving treatment success at 8 weeks, defined as a score of 1 (almost clear) or 0 (clear) using the PSGA, was also evaluated.
The safety and tolerability were assessed throughout the study. 
| Sample size calculation
The primary objective of the study was originally to assess bleselumab efficacy, and the primary efficacy endpoint was the change of PASI score from baseline to 8 weeks. Based on the original protocol, a sample size of 20 patients per bleselumab treatment group and 20 pooled placebo patients, assuming a difference of 30% and equal standard deviation of 30% with α = 0.05, resulted in 86% power for a two-sided test. Based on the first protocol amendment, the sample size was reduced from 20 to 16 patients per group, the minimum number of patients exposed to study drug that were required for statistically adequate power (80% for detecting a clinically meaningful difference of 30% between any bleselumab treatment group and pooled placebo).
However, in order to focus on the PK of bleselumab, which is essential to support PK and pharmacodynamics modeling for bleselumab dose selection in future clinical studies, efficacy became a secondary objective. A further amendment therefore resulted in a reduced target sample size (from 16 to 10 patients) per active treatment arm, after the 0.1 mg/kg bleselumab group, based on previous experience with studies of a comparable design and at a similar stage in drug development.
As such, the planned sample size was 55 patients (25 patients in Group 1, and 10 patients in each of Groups 2, 3 and 4, allocated within each group in a 4:1 ratio of bleselumab to placebo) ( Figure 1 ).
| Randomization and statistical analyses
The Sponsor's Global Data Science department, or designee, generated the randomization schedule using a fixed block size. Eligible patients were assigned a number and centrally randomized in a double-blind manner, using an interactive voice or web response system.
In order to maintain blinding of the individual administering the study drug, only the pharmacist or investigator's designee at the investigational site was unblinded, and could dispense the study drug.
The safety-analysis set (SAF) and full-analysis set (FAS) comprised all randomized patients who received bleselumab or placebo. The FAS and SAF were used to analyse efficacy and safety endpoints, respectively, and the SAF was also used to assess demographic and baseline characteristics. The PK-analysis set (PKAS) included patients in the SAF with at least one quantifiable serum concentration of bleselumab, and was used to analyse the PK endpoints.
Descriptive statistics were used to summarize parameters for individual bleselumab treatment groups, the pooled bleselumab group, and the pooled placebo group. Serum bleselumab concentrations below the assay LLOQ were set to 0. When half or more of the individual data in a group were below the LLOQ, the standard deviation (SD) and coefficient of variation were not calculated. The PK parameters were computed using WinNonlin software (Pharsight Corp, Mountain View, California, USA) Version 6.2. AUC 336 , C max , C trough and T ½ were determined using non-compartmental methodology, and analyses were conducted by dosing day. The dose proportionality of AUC 336 and C max was evaluated using separate power models by dosing day. The power model was analysed using linear regression with the natural logarithm of the PK parameter against the natural logarithm of dose. Dose proportionality was concluded if the 95%
confidence interval for the slope included 1.
FIGURE 1 Study design
The original primary clinical criteria for efficacy were based on the mean change in PASI score from baseline to 8 weeks. It was assumed that the SD of the change in PASI score was equal across all treatment groups. In order to test the null hypothesis of equal changes from baseline to week 8 in PASI score across the treatment groups, analysis of covariance was used with baseline PASI score as a covariate, treatment group as a fixed effect, and site as a random effect. If the covariate was not statistically significant, then the analysis was repeated, without baseline PASI score. Pairwise comparisons of the change from baseline to week 8 for each active treatment group versus pooled placebo were performed. Similar analyses were also performed for PSGA score and %BSA. Missing efficacy data at week 8 was imputed using the last observation carried forward.
All statistical tests were two-sided with α = 0.05 and no adjustments for multiplicity were made. Data were analysed using SAS ® Version 9.3 on Unix.
3 | RESULTS
| Patient characteristics
Overall, 115 patients provided informed consent (first patient enrolled 30 April 2012), 55 were screening failures, and 60 were randomized and included in the FAS and SAF, of whom 48 comprised the PKAS (Figure 2 ). Of the 60 randomized patients, 31/60 (51.7%) were randomized after the primary objective of the study changed from efficacy to safety, and the %BSA was reduced from 10% to 5% for study entry. The date of the last study evaluation was 7 January 2015.
Patient demographics and baseline characteristics are presented in Table 1 . The mean PASI score and %BSA affected by psoriasis was higher in the placebo and bleselumab 0.1 mg/kg groups compared with the other study arms (Table 1) . The mean ± SD treatment durations were 28.8 ± 3.2 (range 15-37) days with bleselumab and 26.8 ± 5.6 (range 15-30) days with placebo.
Overall, 15 (25.0%) randomized patients discontinued the study (Figure 2 ). Four (6.7%) patients receiving bleselumab were lost to follow-up. Eight (13.3%) patients receiving bleselumab and three (5.0%) patients receiving placebo withdrew from the study, and the reasons for withdrawal are presented in Supplementary Table 1 .
| Pharmacokinetics
The mean serum concentration-time profiles for bleselumab are presented in Figure 3 . The mean serum AUC 336 and C max appeared to increase after multiple doses in the bleselumab 1.0 and 3.0 mg/kg groups, suggesting accumulation, whereas there were no apparent increases in AUC 336 or C max in the 0.1 and 0.3 mg/kg groups ( Table 2 ). The increases in AUC 336 and C max were more than dose proportional at dose ranges of 0.1 to 3.0 mg/kg on days 1, 15 and 29, indicating nonlinear PK after single and multiple doses of bleselumab (Table 3) .
The mean C trough increased with higher doses of bleselumab (Table 2) . On day 29, the mean ± SD T ½ was 55.1 ± 24.9 and FIGURE 2 Flow of patients through the study. *All randomized patients received their allocated intervention. †
Patients who did not complete the last treatment period evaluation visit (day 29).
‡ Patients who did not complete the last study evaluation visit (day 113). AE, adverse event;
FAS, full-analysis set; PK, pharmacokinetics; PKAS, pharmacokinetics-analysis set; SAF, safety-analysis set 189 ± 41.3 hours with bleselumab 1.0 and 3.0 mg/kg, respectively (Table 2 ). There were too few quantifiable serum bleselumab concentrations to calculate the T ½ for doses of 0.1 and 0.3 mg/kg.
| Efficacy
There was no difference in PASI scores, PSGA scores, and %BSA at week 8 between bleselumab and placebo groups. Furthermore, the least-squares (LS) mean change in these parameters from baseline to 
| Treatment-emergent adverse events
Overall, 43 (87.8%) and 9 (81.8%) patients in the total bleselumab and placebo groups experienced TEAEs ( Table 3 ).
Serious TEAEs were experienced by four (8.2%) patients taking bleselumab (Table 4 ). In the bleselumab 0.1 mg/kg group, one patient had malignant melanoma, and one experienced an overdose, due to errors in the study drug dosing procedures at the study site. The dose of bleselumab was not changed for the patient with overdose, and the TEAE resolved, with minimal or no impact on the patient's safety. One patient in the bleselumab 1.0 mg/kg group experienced a grade 3 liver function test (LFT) abnormality, considered possibly related to the study drug. In the bleselumab 3.0 mg/kg group, one patient experienced a grade 2 event of angina pectoris considered possibly related to the study drug; the event started on day 62 and resolved on day 82.
The TEAEs led to treatment discontinuation in two (4.1%) patients receiving bleselumab (one each in the 1.0 and 3.0 mg/kg groups; abnormal LFT, as described above, and study-drug induced hepatitis that did not resolve, respectively). No patients died during the study.
| Clinical laboratory evaluations, vital signs and electrocardiograms
Supplementary Table 4 Table 4 ).
Mean vital signs remained within the normal range throughout the study, although one patient (bleselumab 3.0 mg/kg group) experienced a TEAE of increased blood pressure. The increase in blood pressure occurred on day 85 (162/98 mmHg), and was 136/88 mmHg by day 112. Abnormal ECGs were observed across treatment groups; however, only one patient (bleselumab 1.0 mg/kg group) had a clinically significant abnormality in their ECG (atrial fibrillation on day 30); this was considered unrelated to study drug, and the patient completed the study. The same patient also experienced two other atrial fibrillation events (days 57 and 113), which were not considered clinically significant.
| Antibody development
In the bleselumab groups, 27/49 (55. Neutralizing antibodies were recorded in four, four, seven, and three patients receiving bleselumab 0.1, 0.3, 1.0 and 3.0 mg/kg, respectively, and were sustained through to at least day 85. One FIGURE 3 Mean + SD serum bleselumab concentrations (semi-log scale) (PKAS). Mean serum concentrations of 0 were assigned a value of 0.02 × LLOQ to enable these points to appear on the plot, since the log value of 0 is undefined. A dotted line was used to connect these converted points to prior and subsequent points on the graph. Where at least half of individual data in a group at a given time point were below the LLOQ, SD was not calculated. IV, intravenous; LLOQ, lower limit of quantification; PKAS, pharmacokinetics-analysis set; SD, standard deviation In a Phase I, randomized, double-blind, placebo-controlled, doseescalation study in 109 healthy volunteers, bleselumab displayed disproportionate increases in systemic exposure with dose (Goldwater et al., 2013) . The mean bleselumab C max and AUC inf (AUC from time 0 extrapolated to infinity) ranged from 0.7 to 251.6 μg/ml and 6.5 to 55,409.6 μg·h/ml, respectively, following bleselumab doses of 0.1-10 mg/kg (Goldwater et al., 2013) . The AUC 336 and C max values that Data are reported as n (%).
*Possibly or probably drug related, as assessed by the investigator, or records where the relationship was missing. SAF, safety-analysis set; TEAE, treatment-emergent adverse event.
we observed in psoriasis patients in the present study were generally comparable with those in the healthy volunteers over the same dose range (0.1-3.0 mg/kg). Additionally, as in the healthy volunteer study (Goldwater et al., 2013) , bleselumab exhibited nonlinear PK in psoriasis patients in the dose range of 0.1-3.0 mg/kg, which was evidenced by disproportionate increases in systemic exposure with dose. Indeed, nonlinear PK has also been reported with other anti-CD40 antibodies (Albach et al., 2018; Bensinger et al., 2012) .
Bleselumab is a monoclonal antibody, designed with a high affinity for a specific target. This high affinity binding to target is saturable, due to finite binding sites on cells, and subsequent turnover of the drug-target complex may contribute to the PK disposition of biologics (Dua, Hawkins, & van der Graaf, 2015) . In this regard, saturation of target binding sites may be one of the causes of nonlinear PK seen with bleselumab.
This study was not powered to test the efficacy of bleselumab treatment in patients with psoriasis versus placebo. There was some evidence of pharmacologic activity at the 3.0 mg/kg dose relative to placebo, which supports the existing evidence that CD40 signalling plays a role in psoriasis disease activity (Pasch et al., 2004) . However, due to changes in the number of patients in the 0.3 to 3.0 mg/kg groups, and study inclusion criteria that reduced the baseline severity and extent of psoriasis (from ≥10% to ≥5% BSA) for patients in the 1.0 and 3.0 mg/kg groups, no conclusions can be made regarding dose response and the efficacy of bleselumab in the treatment of psoriasis.
In our study, most patients (87.8%) receiving bleselumab experienced TEAEs during follow-up, as did most patients receiving placebo (81.8%). Consistent with a Phase I study in healthy volunteers (Goldwater et al., 2013) , the most common TEAEs reported with bleselumab in this study were upper respiratory tract infection and headache. Elevations in ALT and AST to >3×ULN, indicative of hepatic injury, but without either concomitant elevations of bilirubin >2×ULN or a clinically significant decrease in mean serum albumin, were reported for a few patients in the 1.0 and 3.0 mg/kg bleselumab groups. In a preclinical primate study of cynomolgus monkeys, bleselumab did not impact liver enzyme levels (Aoyagi et al., 2009; Song et al., 2014) . The effect of bleselumab on elevation of ALT and AST levels (albeit transient) in our study remains unclear at present, and a larger clinical trial is needed to fully characterize the association of bleselumab with hepatocyte function.
The underlying pathophysiology of plaque psoriasis involves CD40 signalling, induced by its ligand, CD154 (Pasch et al., 2004) .
Anti-CD154 monoclonal antibodies have been associated with a high incidence of thromboembolic complications (Larsen, Knechtle, Adams, Pearson, & Kirk, 2006) . By contrast, in our study, targeting CD40 with bleselumab was not associated with thromboembolic events, which is consistent with a study in healthy volunteers (Goldwater et al., 2013) .
Coagulation parameters (e.g., prothrombin time) remained stable.
Furthermore, bleselumab did not upregulate cell activation markers, such as thromboplastin, in vitro (Okimura et al., 2014) .
Consistent with studies of bleselumab in healthy volunteers and cynomolgus monkeys (Aoyagi et al., 2009; Goldwater et al., 2013; Okimura et al., 2014; Song et al., 2014) , ECG changes were generally not clinically significant and mean chemical laboratory and hematology parameters, and vital signs remained within reference ranges throughout the study. Furthermore, there was no clinical evidence of cytokine release syndrome (Goldwater et al., 2013) . As bleselumab is under development as an adjunct immunosuppressive agent in transplantation and other possible immune diseases (Aoyagi et al., 2009 ), the safety data generated from our study helps to inform future trials in other indications.
In this study, antibodies to bleselumab were detected in approximately half of patients at least once, and across all dosing arms. In patients receiving bleselumab 0.1, 0.3 or 1.0 mg/kg, anti-bleselumab antibodies developed before week 8, after the first dose. By comparison, the first post-baseline detection of anti-bleselumab antibodies in patients receiving bleselumab 3.0 mg/kg was after week 8.
Anti-bleselumab antibodies observed in this study may be either neutralizing or non-neutralizing. While neutralizing antibodies blunt efficacy of the drug, non-neutralizing antibodies do not affect efficacy (Krishna & Nadler, 2016; Shankar, Pendley, & Stein, 2007) .
Neutralizing antibodies were detected in all active treatment groups, in line with results from a Phase I study of healthy volunteers (Goldwater et al., 2013) ; however, it was beyond the scope of this study to differentiate pre-existing from de novo neutralizing antibodies. It is, therefore, not possible to verify the effect of anti-bleselumab antibodies on clinical efficacy.
This study has several limitations. Particularly in the 0.1 and 0.3 mg/kg groups, some serum bleselumab concentrations were below the assay LLOQ, which could have affected dose proportionality calculations. The efficacy results should be interpreted with caution due to the small sample size, and disparity in some baseline patient characteristics; the minimum %BSA for inclusion was reduced from 10% to 5% for study entry, which was likely responsible for the higher %BSA in the placebo and 0.1 mg/kg bleselumab groups versus other treatment arms. Due to the small number of patients, there are insufficient data to discuss the impact of antibody development on the nonlinearity of PK. However, the sample size was reduced when the original objective to assess the efficacy of bleselumab was amended to meet the primary PK endpoints of AUC 336 and C max with escalating doses of bleselumab in patients with plaque psoriasis. This enabled essential PK data to be collected to support PK and pharmacodynamics modeling for bleselumab dose selection in future clinical studies.
| CONCLUSION
This is the first study to analyse the PK parameters of intravenous infusion of bleselumab in patients with moderate-to-severe plaque psoriasis. Bleselumab accumulated in serum after repeated infusions with doses of 1.0 and 3.0 mg/kg, but not with doses of 0.1 and 0.3 mg/kg. Furthermore, PK parameters had a nonlinear relationship over the dose range of bleselumab tested (0.1, 0.3, 1.0 or 3.0 mg/kg).
Bleselumab infusions were associated with few minor local reactions.
In a limited number of patients treated with 1.0 and 3.0 mg/kg doses, transient elevations of liver transaminase enzymes were observed, which spontaneously resolved without sequelae. In conclusion, bleselumab was generally well tolerated in patients with moderateto-severe plaque psoriasis.
